Introduction
According to the chemiosmotic hypothesis, a protonmotive force or protonic gradient across the membrane plays a key role in biological energy transduction. [1] [2] [3] [4] In Escherichia (E.) coli and in E. coli cytoplasmic membrane vesicles, the oxidation of electron donors via the membrane-bound respiratory chain results in the extrusion of protons and concomitant generation of an electrochemical gradient of protons. 5 This gradient is composed of electrical and chemical components according to ∆µH+ = ∆ψ-(2.3RT/F)∆pH, where ∆ψ represents the electrical potential across the membrane and ∆pH is the transmembrane pH difference (2.3RT/F is equal to 58.8 mV at room temperature). In phototrophic bacteria, the light-induced proton gradient subsequently drives ADP phosphorylation by the ATPase, several types of secondary solute transport, and other physiological processes. 6 Since those bacteria may retain their viability for extended periods of time in the absence of photosynthesis and aerobic respiration, even when the culture conditions do not allow dark anaerobic growth, it appears that the cell must be able to sustain a certain level of protonmotive force in order to carry out some work functions, such as mobility and the uphill transport of some low molecular solutes, to prevent their diffusive equilibration between the external and internal media. 7 The membrane potential of cells that are too small to allow the use of microelectrodes must be indirectly determined. Extrinsic probes of the transmembrane potential have been used extensively in studies of energy-transducing membranes, although the mechanisms by which such probes monitor the membrane potential are not completely understood. [8] [9] [10] Electrochromism provides a physical basis for a mechanism by which some probes may respond to the membrane potential, for example the carotenoids in photosynthetic bacteria, though this phenomenon is not widespread. 6 Instead, labeled permeable cations which distribute across the cell membrane in response to a potential difference are currently used in bacteria. 5 Many of the more widely used extrinsic probes, such as cyanine and oxonol dyes and 1-anilino-8-naphthalene sulfonate, appear to permeate membranes freely in their ionized forms, and distribute across the membrane in accordance with the membrane potential. [11] [12] [13] This asymmetric distribution is thus responsible for the observed spectral changes. Another mechanism, known as probe aggregation, also contributes to the probe response.
We describe here the application of a carbocyanine dye, 3,3′-dipropylthiodicarbocyanine iodide [DiS-C3-(5)], to monitor the transmembrane potential changes induced by a variation of the K + concentration for the cells of E. coli and photosynthetic bacterium Rhodospirillum (R.) rubrum. DiS-C3-(5) is classified as a slow-response probe, and its fluorescence typically changes by 0.2 -0.5% per mV change in the membrane potential with a response time of under 2 s. 11 The cation dye accumulates on hyperpolarized membranes and is translocated into the lipid bilayer. Aggregation within the confined membrane interior usually results in decreased fluorescence and an absorption shift, although the magnitude and even the direction of the fluorescence response are strongly dependent on the concentration of the dye and its structural characteristics. The effects of the membrane potential on DiS-C3- (5) Fluorescent dyes have been widely employed as optical indicators of the membrane potential difference in cells, isolated organelles and lipid vesicles that are too small to make microelectrode measurements feasible. We describe here the application of a carbocyanine dye, 3,3′-dipropylthiodicarbocyanine iodide [DiS-C3- (5) solution/membrane partitioning, intramembrane aggregation, and transmembrane redistribution have been proposed. 14 DiS-C3- (5) has been widely applied to monitor the membrane potential and ion permeability in a variety of cells. In red blood cells, the membrane potential measured by the DiS-C3-(5) was found to well correlate with the cell volume and shape changes. 15 Also in brush border membrane vesicles, the potassium ion permeability and cation-dependent amino acid translocation were evaluated by monitoring the fluorescence of the dye.
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Experimental Materials E. coli cells were grown at 37˚C with shaking to a midlogarithmic phase (OD600 = 0.5 -0.6). Cells were collected by centrifugation, washed once with a buffer (5 mM HEPES, pH 7.2, 5 mM glucose), and suspended in the same buffer to OD600 = 0.25, 0.5 and 1.0. R. rubrum was cultured by a previously reported method 17 in a liquid medium containing 0.5% polypeptone, 0.1% yeast extracts, 0.42% sodium lactate, 0.01% FeCl3 and 0.1 ml/l of mixture of trace elements. The pH was adjusted to 6.8 to 7.0 with NaOH before autoclaving. Cultures for the R. rubrum were grown phototrophically in culture bottles in a water bath at 28˚C, and cells were harvested by centrifugation at 8000g for 9 min. Methods of isolation and purification of chromatophores were essentially the same as previously described. 15 The harvested cells were suspended in 20 mM KH2PO4, 2 mM EDTA, 5 mM MgSO4 at pH 7.5 (buffer A) and exposed to sonic oscillation of 20 kHz with various output powers and for various periods of time by an ultra-sonic disruptor, UD-200 (TOMY). After removing debris by lowspeed centrifugation (15000g, 15 min), chromatophores were collected by ultra-centrifugation (100000g, 90 min), and then resuspended in 50 mM KCl, 25 mM Tris, 25 mM MES, 25 mM HEPES, 5 mM MgSO4 and 5 mM sodium succinate (buffer B). The preparation was washed twice in buffer B to remove watersoluble proteins and extra phosphate. DiS-C3-(5) was purchased from Molecular Probes (Eugene, OR, USA). Valinomycin was from Sigma and other common chemicals from Wako Chem. Co. Ltd. Fluorescence measurements were performed at ambient temperature on a RF5300PC fluorimeter (Shimadzu) at an excitation wavelength of 650 nm and an emission wavelength of 670 nm.
Results and Discussion

Membrane potential of E. coli cells
Fluorescence quenching profiles of DiS-C3-(5) are shown in Fig. 1 after addition to E. coli solutions at different concentrations. The fluorescence intensity decreased until it stabilized to a steady level of about 20% of its original level after 20 min of addition, indicating that the cationic dye molecules rapidly moved into the membrane. Above a cell concentration of OD600 = 0.5, there was no essential difference in the final fluorescence intensity. Based on the result, the dyestaining condition was set to 20 min and OD600 = 0.5. The fluorescence quenching was only induced in E. coli cells with an intact membrane potential gradient (inside negative). Figure 2 shows the time changes in the fluorescence spectra of DiS-C3-(5) before and after the addition of valinomycin to E. coli solutions. The potassium concentration in the solution was 25 mM. Upon the addition of valinomycin, the fluorescence intensity increased. Because the potassium concentration outside cells was higher than that inside, the K + -valinomycin complex flowed into the cells, causing depolarization and pulling out of the cationic DiS-C3-(5) from the cell membrane.
Changing the concentration of potassium outside the cells would change the potassium concentration gradient accordingly. The potassium gradient opposes the electrical gradient, and thus maintains the membrane potential gradient (∆ψ) across the membrane. The valinomycin, as an ionophore, renders the cytoplasmic membrane permeable to potassium. Therefore, varying the potassium concentration in the presence of valinomycin outside cells could change the equilibrium (∆ψ) accordingly. Figure 3 shows the changes in the fluorescence intensities at 670 nm upon the addition of valinomycin at various potassium concentrations. The addition of up to 100 mM KCl in the absence of valinomycin after incubation for about 5 min had no significant effect on the fluorescence intensity. Upon the addition of valinomycin, the fluorescence intensity decreased or increased in responses to the outside potassium ion concentrations. Membrane potential of photosynthetic bacterium R. rubrum
Similar measurements were conducted on cells of the photosynthetic bacterium R. rubrum. Figure 5 shows the changes in the normalized fluorescence intensities upon the addition of valinomycin at various potassium concentrations. Below [K + ] = 10 mM, the DiS-C3-(5) fluorescence intensity gradually decreased, corresponding to hyperpolarization (more negative inside the cell). However, above [K + ] = 10 mM, increases in the fluorescence were observed, indicative of depolarization (less negative inside the cell). Similarly to the result of E. coli, both changes reached equilibrium at about 20 min after the addition of valinomycin.
In a similar way, the potassium ion concentration inside the R. rubrum cells was determined to be 5.3 mM. Figure 6 shows the relationship between the membrane potential and the fluorescence intensity. A linear relationship was observed over 0 -40 mV. This result demonstrated that the partitioning of DiS-C3-(5) between the suspension medium and cells was membrane potential-dependent, and was directly proportional to the magnitude of the membrane potential. A confocal laser microscopy observation demonstrated that there were not 1241 ANALYTICAL SCIENCES SEPTEMBER 2003, VOL. 19 The intensities were normalized by those just before the addition of valinomycin.
significant changes in the cell size and shape upon a membrane potential change, as reported for red blood cells. 15 Potassium ion is known to have a large effect on the composition of the protonmotive force under energized conditions. Depolarization of the membrane potential, measured by tetraphenylphosphonium (TPP + ) in Rhodobacter sphaeroides, was shown to strictly depend on the presence of K + in an external medium. 18 In the absence of K + and in the presence of acetate, no depolarization of ∆ψ was observed. However, upon illumination of about 2.0 -2.4 mM, the intracellular ATP concentration was obtained. Therefore, the depolarization of ∆ψ was considered as the result of an electrogenic uptake of K + . Figure 7 shows the relationship between the fluorescence intensity and the potassium concentration outside of chromatophore vesicles. Because the chromatophores were prepared in an inside-out form, the potassium ion concentration inside them can be artificially altered. As shown in the figure, when chromatophores were formed from valinomycin-treated R. rubrum cells in a buffer without potassium ion, it had only a very low potassium concentration inside the chromatophores. In contrast, the potassium concentration was relatively high when the chromatophores were prepared from intact cells. It was shown that the presence of valinomycin and KCl postillumination ATP synthesis in the chromatophores could be stimulated via both proton uptake in the light and the formation of K + in the dark. 19 When valinomycin and KCl were added only to the dark stage, they stimulated ATP synthesis by inducing a dark K + diffusion potential. This effect can be differentiated from the effect of the addition of valinomycin and KCl in the light, which increased the light-induced ∆pH, since both effects exhibited an opposite dependence on the pH of the light stage. The result of this study provides evidence for the feasibility of manipulating the ion concentrations inside biologically functional vesicles, and has implications for the further studies of the proton diffusion potential of chromatophores, which plays an important role in membranelinked electron transfer, ADP photophosphorylation and other physiological processes. 
Manipulation of the potassium ion concentrations inside the chromatophores
